Introduction {#S0001}
============

Triple negative breast cancer (TNBC), which represents about 10--20% of all mammary tumors, is characterized by lack of molecular therapeutic targets like estrogen receptor (ER), progesterone receptor (PR) and HER2.^[1](#CIT0001),[2](#CIT0002)^ TNBCs are highly aggressive tumors with dismal prognosis. Because these tumors lack targetable receptors, they do not respond to hormonal or targeted therapies, hence chemotherapy remains standard of care for such patients.^[3](#CIT0003)^ Despite aggressive treatment with adjuvant and neoadjuvant chemotherapies, the mortality rate for advanced stage TNBC patients remains very high; therefore, there is an urgent need to develop effective targeted therapies for TNBC patient population. TNBC tumor has abundant presence of tumor infiltrating lymphocytes (TILs; T-lymphocytes, B-lymphocytes, and macrophages), which are used for prognostic purpose in clinical settings.^[4](#CIT0004)^ Additionally, infiltration of CD8^+^ intra-tumoral lymphocytes was considered as independent favorable prognostic factor for a subpopulation of TNBC patients.^[5](#CIT0005)^ Moreover, mutational and neoantigen load, which strongly correlates with infiltration of cancer specific immune cells in tumor microenvironment, is relatively higher in TNBC compare to other histological subtypes of breast cancers.^[6](#CIT0006)^ Considering the strong immunogenic features of TNBC, immune-checkpoint-based cancer immunotherapies are extensively investigated in clinical settings for such tumors.

Immune checkpoints are a set of inhibitory pathways in the immune system that are required for maintaining self-tolerance and preventing host tissue damage by regulating durability of immune response.^[7](#CIT0007)^ Programmed cell death ligand 1 (PD-L1), a key immune checkpoint molecule and member of B7 transmembrane protein family, interacts with its receptor, programmed cell death (PD-1), and induces negative regulatory signal by neutralizing cytotoxic T cell activity.^[8](#CIT0008)^ Early preclinical studies have shown that disrupting PD-L1/PD-1 association by using monoclonal antibodies may enhance anti-tumor immunity and promote tumor regression in *in vitro* and *in vivo* models.^[9](#CIT0009),[10](#CIT0010)^ Data from recent clinical studies have successfully demonstrated that blockade of PD-1/PD-L1 axis can produce overall survival benefit in patients with solid tumors leading to FDA approval of several check point inhibitors for variety of cancers.^[11](#CIT0011)^ Cell-surface expression of PD-L1 in variety of solid cancers primarily serve as resistance mechanism, which allows tumors to escape from host immune response.^[12](#CIT0012)^ Although impact of PD-L1 expression on tumor and immune cells remains unclear, both tumor and host immune cells PD-L1 expression could predict the therapeutic response to agents blocking PD-1/PD-L1 axis.^[13](#CIT0013)^ Analysis of The Cancer Genome Atlas (TCGA) RNA sequencing data and breast tumor tissue microarrays showed significant higher PD-L1 expression in TNBC patient subgroup than that in non-TNBC population.^[14](#CIT0014)^ Another study, which evaluated PD-L1 expression in breast cancer patient biopsies, reported that PD-L1 expression was observed in 30% of patients with hormone receptor--negative and triple-negative status, and strong correlation was observed in PD-L1 and TILs.^[15](#CIT0015)^ These immunogenic features of TNBC tumors strongly advocate that immune checkpoint inhibitors could be viable therapeutic agents for these patient population.

Several anti-PD-L1 (atezolizumab (ATE), avelumab, and durvalumab) have been approved by FDA for treatment of solid malignancies. ATE, which selectively targets PD-L1 and inhibit binding of PD-L1 to receptor PD-1, showed improved clinical utility against urothelial and non-small cell lung carcinomas, and later received market approval for such patient populations.^[16](#CIT0016),[17](#CIT0017)^ ATE, formerly known as MPDL3280A, was isolated from a single phage clone by screening human phage display library directed against extracellular domain-Fc fusion of human PD-L1.^[18](#CIT0018)^ Although clinical activity of ATE is explored in variety of cancer types, more recently, a phase 3 clinical trial using ATE with nab-paclitaxel in patients with locally advanced or metastatic TNBC patients showed significantly longer progression-free survival compared with placebo-nab-paclitaxel treated group.^[19](#CIT0019)^ Earlier, a phase 1b clinical trial evaluating the clinical activity of ATE in metastatic TNBC patients reported that ATE monotherapy can provide durable clinical benefit in those patients.^[20](#CIT0020)^ Combining immune checkpoint inhibitors with chemotherapeutic agents can expand the clinical benefit of immune therapies to a larger patient population by multiple mechanisms including activation of immune effector cells, depletion of immune suppressive cells, and generation of tumor-associated antigens.^[21](#CIT0021)^ Currently, numerous clinical trials are ongoing to study the therapeutic efficacy of ATE alone and in combinations in breast cancer subtypes including TNBC.

In this study, we subcategorized TNBC cells based on cell surface expression of PD-L1 and explored the efficacy of ATE in potentiating Tcell-mediated cytotoxicity of TNBC cells. Extending our investigation to novel combination approaches, we discovered that combination of ATE and agents that can increase PD-L1 expression in TNBC cells can further enhance T cell-dependent cytotoxicity. To further explore combination therapy to enhance the therapeutic efficacy of PD-L1 by analyzing TCGA, we found a positive correlation of PD-L1 and FAK mRNA expressions in TNBC patients and demonstrated that ATE inhibited FAK phosphorylation in TNBC cells without involvement of T cells. Our data suggest that ATE has a bimodal function: T cell-mediated cell cytotoxicity and non-T cell-mediated anti-cancer properties via FAK-mediated signaling.

Results {#S0002}
=======

PD-L1 is expressed in TNBC cells {#S0002-S2001}
--------------------------------

PD-L1 expression was analyzed in a broad panel of five different TNBC cells using Western blotting. Among the five TNBC cells tested, MDA-MB-231 cells showed highest expression of PD-L1 while BT-20 cells contain relatively low PD-L1 compared with MDA-MB-231 cells ([Figure 1(a](#F0001))). MDA-MB-468 cells did not show any PD-L1 expression in our Western blotting experiment ([Figure 1(a](#F0001))). Flow cytometry experiment was performed to assess cell surface content of PD-L1 in TNBC cells ([Figure 1(b](#F0001))). Mean fluorescent intensity (MFI) data from flow cytometry reveal that MDA-MB-231 and BT-20 cells possess significantly higher cell surface PD-L1 expression compared to isotype control. Consistent with Western blot analysis, MDA-MB-468 cells appear to have very low PD-L1 expression in flow cytometry analysis. To further extend our findings from Western blotting and flow cytometry, immunofluorescence experiments were performed to monitor subcellular distribution of PD-L1 expression, which revealed that PD-L1 was localized on membrane lamellipodia, as well as intracellular component in both MDA-MB-231 and BT-20 cells ([Figure 1(c](#F0001))), but not in MDA-MB-468 cells ([Figure 1(c](#F0001))). Based on our PD-L1 expression analysis, we conclude that two TNBC cell lines, MDA-MB-231 and BT-20 are PD-L1^+^ cells, and one TNBC cell line, MDA-MB-468, is PD-L1^−^ cells.10.1080/2162402X.2019.1624128-F0001Figure 1.Expression of PD-L1 in TNBC cells. (a) Protein expression of PD-L1 was determined by Western blotting analysis in five different TNBC cells namely MDA-MB-231, MDA-MB-468, BT-20, BT-549, and HS578T cells. Equal loading of samples was confirmed by actin expression. (b) Cell surface expression of PD-L1 in MDA-MB-231, BT-20, and MDA-MB-468 cells was determined by flow cytometry after staining cells with anti-PD-L1 antibody (Green color) and control cells were stained with isotype IgG. Fluorescent intensity data was presented as flow cytometric histograms (upper panel) and quantitative data was represented as bar diagrams (lower panel). (c) Immunofluorescence staining of PD-L1 was performed in MDA-MB-231, BT-20, and MDA-MB-468 cells and fluorescent images were captured by LSM 880 confocal microscope. Rabbit IgG was used as negative control.

ATE significantly potentiates T cell-mediated cytotoxicity of PD-L1^+^ TNBC cells {#S0002-S2002}
---------------------------------------------------------------------------------

ATE elicits its anti-tumor immune activity by disrupting the interaction of PD-1 on cytotoxic T cells with PD-L1 on tumor cells. We then investigated anti-tumor immune activity of ATE in presence of T cells to inhibit TNBC cell growth. For this purpose, MDA-MB-231, BT-20, and MDA-MB-468 cells were co-cultured with pre-anti-CD3/CD28-activated primary human pan T cells in presence or absence of ATE, and *in vitro* T cell-mediated tumor cell cytotoxicity assay was performed. Counting of viable tumor cells labeled with calcein AM dye was done using Celigo Imaging System. As shown in [Figure 2(a](#F0002)), ATE significantly potentiated Tcell-mediated cytotoxicity of MDA-MB-231 cells in dose-dependent manner, in which 100 µg/ml concentration of ATE showed significant efficacy at 4 and 24 h incubation. Similar results were also obtained in BT-20 ([Figure 2(b](#F0002))). In contrast to MDA-MB-231 and BT-20 cells, ATE-induced T cell-mediated cytotoxicity was not observed in PD-L1^−^ MDA-MB-468 cells ([Figure 2(c](#F0002))), suggesting that PD-L1 expression is crucial for ATE to potentiate T cell-mediated cytotoxicity in TNBC cells. Phase contrast microscopic images showed that incubation of T cells + ATE displayed more apoptotic feature such as cell shrinkage in MDA-MB-231 and BT-20 cells, but not MDA-MB-468 cells, when compared with T cell only incubation ([Figure 2(d](#F0002))). Cellular apoptosis was further examined in TNBC cells by co-culturing with T cells in presence or absence of 100 µg/ml ATE for 24 h and then stained with FITC-conjugated anti-annexin V antibody and DAPI for nucleus staining. As shown in [Figure 2(e--g](#F0002)), immunofluorescent intensity of annexin V was significantly increased in ATE-treated MDA-MB-231 and BT-20 cells ([Figure 2(e--g](#F0002))). These data suggest that ATE potentiates T cell-mediated anti-tumor activity by enhancing cell apoptosis in PD-L1^+^ TNBC cells and confirm that PD-L1 enrichment on cancer cells is pre-requisite for ATE to enhance T cell-mediated anti-tumor activity in TNBC cells.10.1080/2162402X.2019.1624128-F0002Figure 2.ATE promoted T cell-mediated cytotoxicity and apoptosis in PD-L1^+^ TNBC cells: (a--c) T cell-mediated cytotoxicity assay was performed in MDA-MB-231, BT-20, and MDA-MB-468 cells, in which cancer cells were co-cultured with activated T cells alone or activated T cells with ATE at 50 µg/ml and 100 µg/ml concentrations for 4 and 24 h time. After incubation, calcein AM-labeled cells were counted by Celigo Imaging system. (d) Bright field images of MDA-MB-231, BT-20, and MDA-MB-468 cells were captured after co-culturing cancer cells with T cells alone or T cells + ATE. (e--f) Annexin V apoptosis assay was performed in MDA-MB-231 and BT-20 cells after co-incubating cancer cells with T cells or T cells + ATE for 24 h and after staining, images were captured using confocal microscope. Annexin V-stained apoptotic cells are shown in green and DAPI was stained with blue color. (g) Quantitative analysis of fluorescence intensity of annexin V-labeled cells was determined by Zeiss software (Carl Zeiss Microscopy) and data was presented in form of bar diagram.

Silencing of PD-L1 reverses ATE-induced T cell-mediated cytotoxicity {#S0002-S2003}
--------------------------------------------------------------------

Next, we examined whether knockdown of PD-L1 can escape tumor cells from ATE-induced Tcell-mediated cytotoxicity due to loss of target. To this end, PD-L1 expression was silenced by using RNAi technology in MDA-MB-231 and BT-20 cells, and then T cell-mediated cytotoxicity assay was performed. Knockdown of PD-L1 was confirmed in both cell lines at 24 and 48 h with most robust knockdown was observed at 48 h post-transfection of PD-L1 siRNA ([Figure 3(a](#F0003))). As shown in [Figure 3(b](#F0003)), PD-L1 knockdown rescued both TNBC cell lines from ATE-induced T cell-mediated cytotoxicity effects, thus further validating the necessity of PD-L1 expression for ATE to induce anti-tumor immune response.10.1080/2162402X.2019.1624128-F0003Figure 3.PD-L1 knockdown reverses ATE-induced T cell-mediated cytotoxicity in PD-L1^+^ TNBC cells. (a) PD-L1 silencing was accomplished by using PD-L1 siRNA transfection and Western blotting was performed post 24 and 48 h transfection to confirm PD-L1 silencing. (b) T cell-mediated cytotoxicity assay was performed in MDA-MB-231 and BT-20 cells after transfecting cancer cells with control siRNA or PD-L1 siRNA. After transfection, cancer cells were cocultured with T cells alone or T cells + ATE and fluorescent labeled cells were counted by using Celigo Imaging system.

Enhancing PD-L1 expression with histone deacetylases (HDAC), proteasomal, and lysosomal inhibitors further promotes ATE-induced T cell-mediated tumor cell cytotoxicity {#S0002-S2004}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

Given that only 10% of patients with metastatic disease respond to single-agent activity of immune checkpoint inhibitors,^[7](#CIT0007)^ current efforts are being invested in developing immunotherapy/chemotherapy combinations that can further enhance responses and overcome resistance to checkpoint inhibitors. For this purpose, we extended our investigation to screen novel combination approaches to amplify the anti-tumor efficacy of ATE in TNBC models. Recent studies have shown histone deacetylase (HDAC) inhibitors can improve the anti-tumor activity of immunotherapies by increasing PD-L1 expression levels.^[22](#CIT0022),[23](#CIT0023)^ First, we confirmed that mocetinostat (moce), a HDAC inhibitor, in combination with ATE increased PD-L1 expression in MDA-MB-231 and BT-20 cells ([Figure 4(a](#F0004))). However, the expression of PD-L1 was not increased in PD-L1^−^ MDA-MB-468 cells when treated with ATE and moce ([Figure 4(a](#F0004))). As shown in [Figure 4(b](#F0004)), combination of ATE + moce significantly inhibited cell growth in T cell co-incubated MDA-MB-231 and BT-20 cells, but not in MDA-MB-468 cells, compared with ATE or moce treatment alone. These data suggest that moce-mediated enrichment of PD-L1 can promote tumor recognition through T cell receptor thus allowing ATE to elicit its anti-tumor activity against TNBC cells.10.1080/2162402X.2019.1624128-F0004Figure 4.Combination of ATE and PD-L1-upregulating agents further increase Tcell-mediated cytotoxicity in PD-L1^+^ TNBC cells. (a) Expression levels of PD-L1 was determined by Western blotting after treating MDA-MB-231, BT-20, and MDA-MB-468 cells with ATE, Moce, ATE + Moce or left untreated for 24h. (b) Tcell-mediated cytotoxicity was assessed in MDA-MB-231, BT-20 and MDA-MB-468 cells after co-culturing with T cells and treated with ATE, Moce, ATE + Moce or left untreated. (c) Western blotting was performed to assess PD-L1 expression in MDA-MB-231 cells after treatments with ATE, ATE+ Chl, and ATE + MG132 at indicated time points. (d) T cell-mediated cytotoxicity assay was performed in MDA-MB-231 cells for 24 h with ATE, Chl, and ATE + Chl treatments, and for 6 h with ATE, MG132, and ATE + MG132 treatments. (e) PD-L1 expression was determined in BT-20 cells after treatment with ATE, ATE+ Chl, and ATE + MG132 at indicated time points. (f) Tcell-mediated cytotoxicity was determined in BT-20 cells with treatment conditions described in (c).

Previous study has shown that proteasomal inhibitor MG132 can increase PD-L1 expression in prostate cancer cells by blocking its degradation,^[24](#CIT0024)^ hence we hypothesized that combining ATE with proteasomal and lysosomal inhibitors in immune-dependent cytotoxicity assays can further increase efficacy of ATE against TNBC cells by preventing proteasomal or lysosomal-mediated degradation of PD-L1. Western blotting experiments showed that MG132, a proteasomal inhibitor and Chloroquine (Chl), a lysosomal inhibitor, increased expression of PD-L1 when combined with ATE ([Figure 4(c](#F0004))). T cell cytotoxicity data in [Figure 4(d](#F0004)) showed that either MG132 or Chl in combination with ATE significantly promoted T cell-mediated cytotoxicity in MDA-MB-231 compared with single agent treatments. Likewise, enhanced PD-L1 expression and subsequently increased T cell-mediated cytotoxicity induced by combination approach was also observed in BT-20 cells ([Figure 4(e and f](#F0004))). Furthermore, we also assessed the effect of ATE on cellular growth independent of T cell activity in PD-L1^+^ cells and PD-L1^−^ cells and observed that growth rate remains unchanged when cells were exposed to ATE alone or in combination with anti-EGFR monoclonal antibody cetuximab under T cell-free environment (Figures S1A, S1B, and S1C). These data suggest that combining ATE with chemotherapeutic compounds that can upregulate PD-L1 expression would maximize immune-mediated therapeutic efficacy of ATE in PD-L1^+^ TNBC models, thus providing valuable insights into designing of combination clinical approaches for immune checkpoint inhibitors.

ATE-inhibited focal adhesion kinase (FAK) phosphorylation {#S0002-S2005}
---------------------------------------------------------

ATE was recently approved for treatment of TNBC patients with metastatic disease.^[19](#CIT0019)^ It is possible that ATE could potentially affect cellular invasive and motility properties in PD-L1^+^ TNBC cells, independent of T cell involvement. Focal adhesion kinase (FAK) signaling pathways play crucial role in regulating metastasis of cancers to distant organs; therefore, we investigated the effect of ATE on FAK phosphorylation levels after exposing PD-L1^+^ TNBC cells with ATE in time-dependent manner. Western blotting data show that FAK phosphorylation at Tyr397 was notably decreased after 24 h treatment of ATE in both MDA-MB-231 and BT-20 cells ([Figure 5(a](#F0005)), upper panel). Phosphorylation levels of extracellular-regulated signal kinase (ERK) were remain unchanged after incubation with ATE in both MDA-MB-231 and BT-20 cells ([Figure 5(a](#F0005)), lower panel). Next, we investigated the association of endogenous PD-L1 and FAK using coimmunoprecipitation assays. Data in [Figure 5(b](#F0005)) showed that FAK was detected in ATE-immunoprecipitate, but not in IgG-immunoprecipitate, suggesting that endogenous PD-L1 associates with FAK either directly or indirectly. Immunoprecipitated PD-L1 by ATE was confirmed by Western blotting under non-reducing conditions to avoid overlap with IgG heavy chain ([Figure 5(b](#F0005))). Taken together, these results suggest that PD-L1 has functional connection with FAK activity in TNBC cells. Down-regulation of FAK by ATE may inhibit FAK-regulated cellular behaviors such as cell invasion and motility activity in TNBC models but didn't affect ERK-mediated proliferative pathways.10.1080/2162402X.2019.1624128-F0005Figure 5.ATE downregulates FAK activity and coordinate with FAK inhibitor to suppress cell invasion and motility (a) Phosphorylation of FAK at Tyr-397 site and ERK at Thr-202/Tyr-204 sites were determined by western blotting after treatment with ATE for 4, 8, 24 h in MDA-MB-231 and BT-20 cells. (b) Whole cell lysate from MDA-MB-231 and BT-20 cells were subjected to co-immunoprecipitation assay to determine the association of FAK with PD-L1. (c--d) T cell-mediated cytotoxicity assay was performed in MDA-MB-231 and BT-20 cells co-cultured with T cells and treated with ATE, PF, ATE + PF or left untreated. (e--f) Cell invasion assay was performed in MDA-MB-231 and BT-20 cells treated with ATE, PF, ATE + PF or left untreated as per manufacturer's instructions. Quantitative analysis of data was performed after reading the plate with fluorescence plate reader using 480/520 filter set and presented in the form of bar diagram. (g--h) Cellular motility was determined by scratch wound healing assay. MDA-MB-231 and BT-20 cells were exposed to ATE, PF, ATE + PF or left untreated, and then wound healing scratch was performed. Representative brightfield images from wound healing assay were presented post 24 and 48 h treatment.

ATE is unable to inhibit the growth of TNBC cells, but capable of reducing cell invasion and motility activities in combination with FAK-inhibitor in PD-L1^+^ TNBC {#S0002-S2006}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------

Next, we sought to determine if ATE treatment alone or in combination with FAK inhibitor can affect T cell-mediated cytotoxicity and T cell independent cellular properties, such as cell invasion and migration. For this purpose, we utilized PF573,228 (PF), an ATP-competitive inhibitor of FAK signaling, which can potently block phosphorylation of FAK at Tyr397 and inhibit both chemotactic and haptotactic cellular migration.^[25](#CIT0025)^ We observed that 1 µM concentration of PF didn't significantly affect T cell-mediated cytotoxicity in MDA-MB-231 or BT-20 cells ([Figure 5(c](#F0005) and [d](#F0005))). The combination of ATE + PF didn't produce additive or synergistic effect on T cell-mediated cytotoxicity in both MDA-MB-231 and BT-20 cells. Moreover, data from cell invasion assay showed that ATE alone inhibited invasive activity in both MDA-MB-231 and BT-20 cells although statistical significance was not observed ([Figure 5(e and f](#F0005))). PF alone had the ability to inhibit cell invasion, and ATE significantly enhanced the PF-mediated inhibition of invasive activity of MDA-MB-231 and BT-20 cells after 48 h incubation ([Figure 5(e and f](#F0005))). Furthermore, we examined the motility of TNBC cells by performing wound healing scratch assay after treating cells with ATE, PF, or ATE + PF. Data from wound healing assay showed that cellular migration was dramatically halted in TNBC cells treated with combination regimen compared to individual treatments in both MDA-MB-231 and BT-20 cells ([Figure 5(g and h](#F0005))). Taken together, these data suggest that ATE, when combined with FAK inhibitor, suppress metastatic potential of TNBC independent of immune-mediated responses.

Correlation of mRNA expression between PD-L1 and focal adhesion kinase (FAK) is observed in TNBC {#S0002-S2007}
------------------------------------------------------------------------------------------------

The RNA-seq data from breast cancer patients' samples available in the TCGA database were used to analyze the correlation between the expression of PD-L1 and FAK. The total 1105 samples were sub-grouped into TNBC and non-TNBC, and we searched for molecule(s) whose expression is correlated with that of PD-L1 in TNBC samples. Firstly, we observed significant increase in the mRNA expression levels of PD-L1 in the TNBC subgroup compared with non-TNBC subgroup ([Figure 6(a](#F0006))), whereas FAK mRNA expression levels didn't change significantly between TNBC and non-TNBC populations ([Figure 6(b](#F0006))). The mean PD-L1 mRNA value (in log2) for the TNBC was 1.93, significantly higher than the non-TNBC subgroup of 0.72. Furthermore, we analyzed the correlation coefficient of PD-L1 and FAK in TNBC patient population and non-TNBC patient population and observed that there was a positive correlation between FAK and PD-L1 mRNA expression in TNBC samples ([Figure 6(c](#F0006))), but not in non-TNBC samples ([Figure 6(d](#F0006))). Based on TCGA analysis data, it appears that there is a strong correlation between FAK and PD-L1 in TNBC population, suggesting that the therapeutic efficacy of ATE could be potentially potentiated by using pharmacological inhibitors of FAK for TNBC treatments.10.1080/2162402X.2019.1624128-F0006Figure 6.PD-L1 associates with FAK in TNBC patient sample database. (a--b) RNAseq data from the two queried genes, PD-L1 and FAK, were downloaded from TCGA database and expression of PD-L1 mRNA and FAK mRNA was analyzed in TNBC and non-TNBC patient population. (c--d) Correlation between PD-L1 and FAK in TNBC and non-TNBC samples obtained from TCGA analysis was performed.

Discussion {#S0003}
==========

Usage of immune checkpoint inhibitors for treatment of TNBC patient population is under active clinical investigation. In this pre-clinical investigation, we observed that ATE can significantly potentiate Tcell-mediated cytotoxicity in PD-L1^+^ TNBC cells. PD-L1 knockdown experiments showed that ATE-induced anti-cancer immune activity is PD-L1 expression dependent. To extend anti-tumor effects of ATE, combination approaches are warranted. Therefore, when combining ATE with PD-L1 enriching reagents such as moce, MG132, and Chl, ATE further enhanced T cell-mediated cancer cell death. Our study, for the first time, discovered the positive correlation between PD-L1 and FAK in TNBC patient samples from TGCA analysis. Furthermore, ATE remarkably downregulated FAK phosphorylation independent of T cell-mediated cytotoxicity, suggesting that functional correlation between PD-L1 and FAK existed. Metastatic cellular attributes such as motility and invasion were suppressed by ATE in association with FAK inhibitor thus underscoring the utility of ATE for T cell-independent anti-cancer properties.

Our preclinical study for targeting TNBC tumors using ATE supports clinical trials that have shown encouraging therapeutic response in metastatic TNBC patient population.^[19](#CIT0019),[20](#CIT0020)^ Other preclinical studies have also investigated the blockage of PD-1/PD-L1 interaction for therapeutic efficacy in TNBC and other solid tumor models. Li et al. demonstrated that an antibody-drug conjugate targeting glycosylated PD-L1 elicited remarkable anti-tumor activity in TNBC cellular and syngeneic mouse models.^[26](#CIT0026)^ Our study is in agreement with previously published report where HDAC inhibitor significantly potentiated anti-cancer immune response of PD-1/CTLA-4 blocking therapy in triple negative 4T1 mouse model, which was associated with increased T cell infiltration in tumor microenvironment, reduction in tumor growth and increased survival.^[22](#CIT0022)^

The status of PD-L1 as predictive biomarker in breast cancer has not yet been validated. Based on data from PD-L1 knockdown experiments and PD-L1 upregulating pharmacological inhibitors, we observed that ATE's ability to enhance T cell-mediated cytotoxicity of TNBC was PD-L1-expression dependent and low-PD-L1 expressing cells such as MDA-MB-468 escaped ATE-induced cytotoxicity. In clinical settings, patients overexpressing PD-L1 on immune cells as determined by IHC have shown improved clinical outcomes with immune check point therapy. Recent clinical trial studying the effect of ATE in TNBC patients reported that patient population with PD-L1-positive tumors showed improved clinical outcomes emphasizing the need for adding checkpoint inhibitor to standard chemotherapy for the first-line treatment of metastatic TNBC.^[19](#CIT0019)^ Majority of clinical data suggest that patients whose tumor overexpress PD-L1 exhibit better clinical response to immune checkpoint therapy, however, some patients with low PD-L1 expression also show anti-tumor immune responses thus complicating the issue of PD-L1 as an exclusive predictive biomarker.^[27](#CIT0027)^ Rather than being an oncogenic driver of tumor progression, PD-L1 overexpression appears to be immune protection mechanism that shields cancer cells from immunogenic tumor microenvironment.^[27](#CIT0027)^ Activation of PI3K/AKT/mTOR pathway drives PD-L1 expression and promotes immune escape in lung cancer model.^[28](#CIT0028)^ Therefore, immunotherapy can provide clinical benefit to patients whose tumors have both high TILs and PD-L1 expression thus overcoming adaptive immune resistance to endogenous anti-tumor activity.^[29](#CIT0029)^

Cancer metastasis, one of most life-threatening event in cancer patients, occurs due to deleterious invasion of tumors cells into surrounding tissues and distant organs.^[30](#CIT0030),[31](#CIT0031)^ Although metastatic potential of TNBC tumors are similar to other breast cancer subtypes; these patients have much shorter median time from relapse to death.^[32](#CIT0032),[33](#CIT0033)^ Previously published report suggests that high PD-L1 expression significantly correlate with lymph node metastasis and poor prognosis in cervical carcinoma.^[34](#CIT0034)^ Tissue microarray analysis from colorectal cancers reveal that PD-L1 is predominantly expressed in metastatic tumors compared with primary tumor suggesting that PD-L1 expression rises during metastatic spread of tumor.^[35](#CIT0035)^ Likewise, analysis of PD-L1 expression in lymph-node positive TNBC patients suggest that PD-L1 is expressed significantly higher in tumor cells and lymphocytes of metastasizing lymph nodes.^[36](#CIT0036)^ FAK is key driver of cancer cell invasion and metastasis and pharmacological inhibition of FAK has been reported to induce tumor suppressive effects on tumor microenvironment in pancreatic cancer mice model.^[37](#CIT0037)^ In this study, we discovered a novel functional correlation between PD-L1 and FAK and showed that ATE can remarkably downregulate FAK activity, and combination of ATE with FAK inhibitor can dramatically inhibit tumor cell invasion and migration. Our cell invasion and migration data support the findings from recent clinical study in which ATE + chemotherapy has shown better clinical response in TNBC patients with metastatic disease,^[19](#CIT0019)^ therefore adding FAK antagonists in combination with immunotherapy in clinical settings could be attractive strategy to arrest the metastatic spread of tumors and extend patient's life.

In conclusion, our findings provide novel mechanistic insights into anti-tumor immune response for ATE in immunogenic TNBC cellular models. Combining ATE with chemotherapeutic compounds that can upregulate PD-L1 cell surface expression or minimize PD-L1 degradation can synergistically enhance T cell-mediated cytotoxicity of TNBC tumor cells. In addition, this study for the first time suggest a possible role of anti-PD-L1 antibody in suppressing cell invasion and migration property by regulating FAK-dependent signaling pathway. Overall, our investigation adds to growing body of evidence demonstrating that immune checkpoint inhibitors alone or in combination with PD-L1 modulating drugs provide novel therapeutic strategy for TNBC tumors.

Materials and methods {#S0004}
=====================

Cell lines and culture conditions {#S0004-S2001}
---------------------------------

TNBC cells MDA-MB-231, BT-20, MDA-MB-468, BT-549, HS-578T cells were obtained from ATCC. MDA-MB-231, MDA-MB-468, BT-549, HS-578T cells were cultured in RPMI media (Lonza) while BT-20 cells were maintained in EMEM media supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (P/S). All the cell lines were propagated at 37°C under 5% CO~2~. Human Peripheral Blood Pan-T Cells (T cells) were purchased from Stem Cell Technologies which were isolated from peripheral blood mononuclear cells using negative immunomagnetic separation techniques. T cells were cultured in RPMI media containing 10% FBS and 1% P/S and activated by adding 25 µl of ImmunoCult™ Human CD3/CD28 T Cell Activator (Stem Cell Technologies) per 1 ml of cell suspension.

T cell-mediated cytotoxicity assay {#S0004-S2002}
----------------------------------

Target cancer cells were seeded in 24-well plate for T cell-mediated cytotoxicity assay. Next day, cancer cells were labeled with calcein AMcell permeant dye, which is converted to a green-fluorescent calcein after acetoxymethyl ester hydrolysis by intracellular esterases in live cells. After observing the green fluorescence, cells were washed with PBS to remove residual dye. Further, cancer cells were co-incubated with T cells alone or T cells with ATE at desired concentrations for indicated time. The ratio of cancer cells and T cells was optimized to 1:3 for MDA-MB-231 and MDA-MB-468 cells, and 1:2 for BT-20 cells. After incubation, culture plate was washed with PBS to remove residual T cells and calcein-labeled cancer cells were counted using Celigo cell imaging system.

Annexin V-FITC apoptosis assay {#S0004-S2003}
------------------------------

Annexin V-FITC apoptosis assay kit was obtained from Cell Signaling Technologies and assay was performed per manufacturer's instructions. During early stages of apoptosis, phosphatidylserine translocates from inner side of plasma membrane to outer surface, where fluorochrome-conjugated Annexin V binds to it with strong affinity. Briefly, MDA-MB-231, BT20 and MDA-MB-468 cells were cocultured with activated T cells in chamber slides and treated with ATE at 100 µg/ml or left untreated for 24 h in humidified incubator. Following incubation, cells were washed twice with PBS and stained with FITC-conjugated annexin V antibody. After staining, cells were fixed in 4% paraformaldehyde for 10 min. Fixation was performed after annexin V staining to avoid non-specific binding of annexin to PS after cell membrane disruption. Chamber slides were mounted with coverslips using Prolong Gold Anti-Fade Reagent with DAPI. Images were captured on a Zeiss LSM-880 confocal microscope using a 40 ×/1.4 NA plan Apo objective.

PD-L1 expression by flow cytometry {#S0004-S2004}
----------------------------------

To assess cell surface expression of PD-L1, MDA-MB-231, BT-20, MDA-MB-468 cells were harvested by trypsinization and stained with FITC conjugated anti-PD-L1 antibody for 1 h at 4°C. Cells were washed twice with PBS and analyzed with BD LSR Flow cytometer using 488 filter. Flowcytometry histograms were further analyzed by FlowJo software and fluorescence intensity was quantified from three replicates.

Cell invasion assay {#S0004-S2005}
-------------------

Cell invasion assay kit was obtained from Millipore (cat\#ECM554) and assay was executed according to manufacturer's instructions as described previously.^[38](#CIT0038)^ The assay kit contains invasion chamber or inserts with 8 µm pore size polycarbonate membrane and coated with thin layer of ECMatrix. Briefly, MDA-MB-231 and BT-20 cells were trypsinized and cell suspension was pre-incubated with ATE, FAK inhibitor (PF), ATE + PF or left untreated for 30 min at 37°C. Cell invasion chamber or inserts were rehydrated by adding 300 µl prewarmed media for 20 min at room temperature. After pre-incubation, 250 µl of cell suspension containing 2.5 × 10^5^ cells were added to each insert and 500 µl of FBS containing media was added to the lower chamber. Cell plate was incubated for 48h in CO~2~ incubator at 37°C. Then, inserts were placed in 24-well plate containing 225 µl of cell detachment and cells were dislodged by gently tilting inserts back and forth. Dye solution was prepared in lysis buffer at 1:75 ratio and 75 µl of this dye solution was added to 225 µl of cell detachment buffer containing invaded cells. After 15 min incubation, 200 µl of cell mixture was transferred to a new 96-well plate and read with fluorescence plate reader using 480/520 filter set.

PD-L1 siRNA transfection {#S0004-S2006}
------------------------

PD-L1 siRNA (cat\# L-015836--01-0005) and control siRNA were purchased from GE Dharmacon and transfection experiments were performed using lipofectamine 3000 (Invitrogen) per manufacturer's protocol and described previously.^[39](#CIT0039)^ Briefly, cells were seeded in 6-well plate at 1 × 10^5^ per well seeding density. Lipofectamine 3000 reagent and siRNA were diluted separately in Opti-MEM media and mixed together. Lipid-siRNA complex was further incubated for 5 min and then added to respective wells. Post 24 and 48 h of transfection, cells were harvested by trypsinization and western blotting was performed to assess PD-L1 knockdown.

Scratch wound healing assay {#S0004-S2007}
---------------------------

Cancer cells were grown in 6-well plate containing media supplemented with 10% FBS and allowed to reach 70--80% confluency. A monolayer of cells was scratched using a 1 ml pipette tip across the center of well and another straight line was scratched perpendicular to the first line to create a cross in each well. After scratching, each well was washed gently with PBS and replenished with fresh media. Next day, cells were treated with ATE, FAK inhibitor, and ATE + FAK inhibitor or left untreated. Following 24 and 48 h post treatment, bright field images were captured using microscope.

TCGA data retrieval and analysis {#S0004-S2008}
--------------------------------

RNAseq data from the two queried genes, CD274 (PD-L1) and PTK2 (FAK), were downloaded from the cbioportal (<http://www>. cbioportal.org/public-portal/). Correlation between CD274 and PTK2 mRNA expression in TNBC and non-TNBC patients was analyzed with Spearman correlation coefficients calculated using Microsoft Excel software. The expression level of CD274 and PTK2 was also evaluated.

Statistical analysis {#S0004-S2009}
--------------------

For statistical analysis, GraphPad Prism and Microsoft Excel software were used. Statistical significance was determined by Student's *t*-test (\*, *P* \< .05; \*\*, *P* \< .01). Data are expressed as mean ± standard deviation (STDEV) or mean ± standard error of mean (SEM).
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